Why does neuronal activity in sensory brain areas sometimes give rise to perception, and sometimes not? Although neuronal noise is often invoked as the key factor, a portion of this variability could also be due to the history and current state of the brain affecting cortical excitability. Here we directly test this idea by examining whether the phase of prestimulus oscillatory activity is causally linked with modulations of cortical excitability and with visual perception. Transcranial magnetic stimulation (TMS) was applied over human visual cortex to induce illusory perceptions (phosphenes) while electroencephalograms (EEGs) were simultaneously recorded. Subjects reported the presence or absence of an induced phosphene following a single pulse of TMS at perceptual threshold. The phase of ongoing alpha (ϳ10 Hz) oscillations within 400 ms before the pulse significantly covaried with the perceptual outcome. This effect was observed in occipital regions around the site of TMS, as well as in a distant frontocentral region. In both regions, we found a systematic relationship between prepulse EEG phase and perceptual performance: phosphene probability changed by ϳ15% between opposite phases. In summary, we provide direct evidence for a chain of causal relations between the phase of ongoing oscillations, neuronal excitability, and visual perception: ongoing oscillations create periodic "windows of excitability," with sensory perception being more likely to occur at specific phases.
Introduction
A growing body of experiments attempt to explain the perceptual variability observed for successive presentations of a given stimulus in apparently unchanging experimental conditions. In particular, it is now well known that the amplitude of prestimulus oscillations in the alpha range (ϳ10 Hz) significantly affects the perceptual outcome (Ergenoglu et al., 2004; Hanslmayr et al., 2007; Kanai et al., 2008; van Dijk et al., 2008; Romei et al., 2010) . Alpha power over posterior cortical regions also predicts cortical excitability, since it modulates the probability that a transcranial magnetic stimulation (TMS) pulse will elicit the perception of an illusory flash or "phosphene" (Romei et al., 2008) . Ongoing activity is not only characterized by its amplitude, however, but also by its instantaneous phase. This dynamic variable has been related to the probability of neuronal firing (Lakatos et al., 2005; VanRullen et al., 2005; Fries et al., 2007; Montemurro et al., 2008; Whittingstall and Logothetis, 2009 ) and was recently found to affect the probability of perceiving a weak visual stimulus (Busch et al., 2009; Mathewson et al., 2009) . In this study, we sought to establish a direct causal link between EEG phase, cortical excitability, and visual perception. To do so, we applied single pulses of TMS over the occipital region while we simultaneously recorded EEG. We measured the efficiency of the pulse at inducing a perceptual phosphene (corresponding to our definition of cortical excitability) as a function of the prepulse oscillatory phase, and found a strong relation between cortical excitability and the phase of ongoing alpha oscillations.
Materials and Methods

Participants
Seventeen subjects (7 females), aged 20 -35, enrolled in the experiments. Four were not included because they were not able to see a TMS-induced phosphene. Of the 13 subjects that participated, one was excluded from analysis because the TMS pulses produced EEG artifacts that did not recover within 200 ms; three were excluded from analysis because no significant ERP difference was found between phosphene and nophosphene trials (see below). In the end, data from nine subjects were analyzed. All participants gave written informed consent before taking part in the experiment. Standard exclusion criteria for TMS were applied (Wassermann, 1998; Rossi et al., 2009) . The study was approved by the local ethics committee "Sud-Ouest et Outre-Mer I" (protocol number 2009-A01087-50).
Procedure TMS parameters characterization. Participants were first tested on their ability to perceive a phosphene (an illusory flash produced by the magnetic stimulation of the occipital cortex) at suprathreshold intensity: we used a train of 7 pulses at 20 Hz and at 70% of TMS machine output intensity applied over the right occipital cortex. Four of 17 subjects were excluded at this stage because of their inability to perceive a phosphene. In a second step, single TMS pulses were applied at varying intensities. For each trial, subjects indicated whether they had perceived a phosphene or not. This procedure allowed us to determine the individual phosphene perception intensity threshold, which was then used in the experimental session.
Experimental session. Each participant performed four blocks of 200 trials. In 90% of the trials, they received a single TMS pulse at the previously determined threshold intensity, while in the last 10% (randomly interleaved) two successive pulses of the same intensity were applied, separated by 40 ms. These "catch" trials were intended to monitor the validity of subjective responses: with a double pulse, we expected significantly more phosphene trials. Participants were seated 57 cm from a dark screen (36.5°ϫ 27°of visual angle) and were instructed to fixate a central dot. Each trial began when the subject pressed a button on the keyboard. The interval between the button press and the subsequent TMS pulse varied randomly between 1.5 and 2.5 s (uniform distribution). A response screen appeared 0.6 s after the pulse, and subjects indicated whether they had perceived a phosphene (left keyboard arrow) or not (right arrow). To avoid any kind of habituation, practice effect or change in arousal affecting the phosphene intensity threshold, when subjects obtained Ͼ75% or Ͻ25% of phosphene trials in a running window of 20 trials, the block was paused and the experimenter remeasured the threshold and adjusted the intensity accordingly, so as to maintain a ratio of ϳ50% of phosphene trials.
TMS apparatus and EEG acquisition
Participants' head was maintained using a chinrest and a headrest in front of them and a 70 mm figure-of-eight coil was pressed against their scalp in the right occipital region, leading to a stable position. TMS was applied using a Magstim Rapid 2 stimulator of 3.5 tesla, which produces a biphasic current. EEG was acquired continuously with a 64-channels ActiveTwo Biosemi system. Two additional electrodes, CMS (Common Mode Sense) and DRL (Driven Right Leg), were used as reference and ground. These electrodes were placed on the subjects' face 2 cm under the eyes (CMS on the left and DRL on the right) to minimize TMSinduced EEG artifacts. Horizontal and vertical electro-oculograms were recorded by three additional electrodes around the subjects' eyes. Data were downsampled to 512 Hz, re-referenced to average reference, and epoched from Ϫ1500 ms before the pulse to 1000 ms after the pulse. Finally, EEG data immediately following the pulse (Ϫ1 ms before the pulse to 150 ms after the pulse) was erased and replaced with a linear interpolation of the window boundaries, so as to minimize the pulse-induced artifacts. (We verified that the slope of this linear interpolation was unrelated to the perceptual outcome: the comparison across subjects of the averaged slopes between phosphene and no-phosphene trials was not significant, t (8) ϭ 1.30, p ϭ 0.23). Manual artifact rejection was further performed on the data. One subject was excluded from further analysis because the EEG recordings took Ͼ200 ms after each pulse to recover from the TMS artifacts, and the linear interpolation procedure was thus inefficient.
EEG analysis
Event-related potentials were computed as the average of all the trials for each condition (phosphene trials and no-phosphene trials). For this analysis, a notch filter at 50 Hz was applied to remove power line artifacts. The difference of ERPs between the two conditions was plotted for electrode PO3 for each subject: based on the results of Taylor et al. (2010) (Taylor et al., 2010) , we expected higher amplitudes in the phosphene trials after 300 ms after the pulse. We used this test to confirm that subjective reports depended on a genuine perceptual difference between the two trial conditions. Three subjects were excluded at this stage of the analysis, because the difference did not reach 1.5 V in amplitude. Phase information was then computed using a time-frequency transform (akin to wavelets) on single trials using the eeglab software package under Matlab (function timefreq with parameters "cycles" and "freqs" set to [1, 15] and [2,100], respectively). These parameters produce frequencies that increase linearly from 2 to 100 Hz, while the length of the filter increases linearly from 1 to 15 cycles. We also performed the same analysis with one-cycle wavelets at all frequencies, with comparable results (data not shown). We calculated the prepulse phase locking (the extent of phase concentration across trials) at each frequency and time point separately for each condition (phosphene trials and no-phosphene trials). The average of these two values was compared to a surrogate distribution Prepulse phase predicts phosphene perception. A, Statistical comparison between phase-locking values for trials grouped according to perception (phosphene/nophosphene, averaged over 64 electrodes and 9 subjects) and surrogate phase-locking values computed over random subsets of trials. A significant effect indicates that ongoing phase differs statistically for phosphene and no-phosphene trials. The color map represents uncorrected p values (similar in B and C) and the white outline indicates significant effects corrected for multiple comparisons using the FDR method. There is a strongly significant phase effect (FDR ϭ 10 Ϫ5 ; corresponding to a p value threshold of 6.4 ϫ 10 Ϫ7 ) in the last 400 ms preceding the pulse, ranging in frequency from 7 to 17 Hz. The topography shows the scalp distribution of phase-locking values in the time-frequency range of 7 to 17 Hz and Ϫ400 to Ϫ50 ms. Further analyses are performed on two regions of interest: a frontal and an occipital one. B, Statistical significance of the phase difference between phosphene and no-phosphene trials, in the frontal region of interest at each time-frequency point. There is a strongly significant phase effect (FDR ϭ 10 Ϫ3 ; corresponding to a p value threshold of 6.2 ϫ 10 Ϫ5 ) in the 400 ms preceding the pulse and in the alpha frequency range (ϳ10 Hz). C, Same as B, but for the occipital region of interest.
(bootstrap procedure): the experimental trials were randomly assigned to one of the two conditions (keeping the number of trials in each condition constant), and phase lockings were recomputed; by repeating this procedure 10,000 times, we determined a distribution of phase-locking values under the null hypothesis (i.e., that there is no systematic phase difference between phosphene and no-phosphene trials). This distribution was characterized by its mean and SD, which were later combined across subjects and electrodes. Finally, the experimentally observed phase locking at each time and frequency point was turned into a p value (t test) by comparing it to the mean and SD of the corresponding null distribution (Fig. 1) . The false discovery rate (FDR) method was used to correct for multiple comparisons to avoid type I errors (FDR ϭ 10 Ϫ5 , corresponding to a p value threshold of 6.4 ϫ 10 Ϫ7 ). To ensure that the results were not due to a single subject (outlier), we removed each subject one by one and recomputed the p values and the FDR (FDR ϭ 0.05, corresponding to p value thresholds Ͻ0.0017). After a topographical analysis revealed the regions that participated in the phase-locking effect, we repeated the previous analysis for each region of interest. An FDR procedure (FDR ϭ 10 Ϫ3 , corresponding to a p value threshold of 4.8 ϫ 10 Ϫ5 for the occipital ROI and 6.2 ϫ 10 Ϫ5 for the frontal ROI) was also applied, and we ensured as previously that the obtained effects were not only the consequence of any single subject.
Results
In 90% of the 800 experimental trials, we applied single-pulse TMS over the right occipital region of 9 healthy subjects at threshold intensity. For these trials, subjects reported perceiving a phosphene with 45.96% probability (Ϯ7.68% SEM). In the remaining 10% of the trials (randomly interleaved), we applied doublepulse TMS at the same intensity of stimulation. These "catch trials" served to control the accuracy of the subjective reports of phosphene perception. Indeed, the probability of reporting a phosphene after these double pulses increased to 91.66% (Ϯ8.81%).
Simultaneously with magnetic stimulation, we recorded ongoing brain activity using EEG. We first focused on the prepulse time window and tested whether ongoing oscillatory phase differed between the trials in which the single pulse was successful versus unsuccessful in eliciting a phosphene. To this end, we computed the phase locking (the extent of phase concentration across trials; see Materials and Methods) separately for the two groups of trials (phosphene/no phosphene) and compared the values statistically (bootstrap procedure, see Materials and Methods) with phase-locking values computed on the same numbers of trials, but randomly chosen regardless of the perceptual outcome. When averaged over the 9 subjects and 64 electrodes, this measure revealed a strong phase difference between phosphene and no-phosphene conditions (p ϭ 10 Ϫ14 ) in the last 400 ms before the pulse, between 7 and 17 Hz (Fig. 1 A) . The effect remained significant after correction for multiple comparisons across time and frequencies using the FDR procedure (FDR ϭ 10 Ϫ5 , corresponding to a p value threshold of 6.4 ϫ 10 Ϫ7 ). We also verified that the result was not due to any single subject, by removing each subject one by one from our pool and recomputing our statistical measures: each time a significant effect persisted within the same time-frequency region.
The topography of phase-locking values in the time-frequency window Ϫ400 ms to Ϫ50 ms relative to the pulse and 7 to 17 Hz indicated that the previously observed effect was mainly due to two regions of interest: an occipital and a frontocentral region (Fig. 1) . Consequently, we recomputed the phase-locking values for these two regions (Fig. 1 B, C) . In both cases, we again , and periodic fluctuations of phosphene probability (bottom). A, Difference of ERPs between phosphene trials and no-phosphene trials for an occipital electrode (PO3). B, Difference of ERPs for a frontal electrode (AFz). The shaded area around the ERP difference corresponds to the SEM across nine subjects (SEM). The gray rectangle from Ϫ1 ms to 150 ms masks the duration of electrical artifacts induced by the TMS pulse. The black line at 0 ms corresponds to the pulse onset and at 600 ms to the onset of the response screen, asking subjects to report the presence or absence of a phosphene. The ERP difference diverges from zero between 250 and 600 ms after the pulse, supporting the notion that the two conditions differ at the perceptual level. In addition, the difference oscillates during the 400 ms before the pulse onset, suggesting that the two conditions correspond to different prepulse phases. C, Relationship between the prepulse occipital EEG phase (expressed in radians) at Ϫ77 ms and 10.7 Hz (time-frequency point of maximal significance), and phosphene perception (expressed as a modulation of average phosphene probability). Single trials were sorted in 10 phase bins. Phosphene probability was computed for each phase bin, then averaged over all electrodes in the occipital region of interest and over all subjects (error bars represent SEM across subjects). For enhanced readability, the curve is plotted over two consecutive cycles (phase values that were replicated are represented over shaded backgrounds). The curve demonstrates that phosphene report probability significantly oscillates along with ongoing EEG phase (one-way ANOVA over the 10 phase values, F (9,89) ϭ 2.35, p ϭ 0.021). The magnitude of this periodic modulation (measured between optimal and opposite phase values) is ϳ13%. D, Relationship between the prepulse EEG phase at Ϫ40 ms and 12.6 Hz (time-frequency point of maximal significance) and phosphene perception, averaged over all electrodes of the frontal region of interest. Plotting conventions are similar to those in C. As previously, phosphene probability significantly oscillates along with ongoing EEG phase (one-way ANOVA, F (9,89) ϭ 2.72, p ϭ 0.008). The magnitude of this periodic modulation is ϳ15%.
observed a strong phase difference within 400 ms before the pulse and in the alpha band (ϳ10 Hz). As before, we verified that these results were not merely caused by a single subject.
To further understand the relation between prestimulus ongoing oscillations and poststimulus cortical activity, for both regions we chose one representative electrode [PO3, based on previous results by Taylor et al. (2010) ; AFz, a central frontal electrode] and computed the difference of ERPs between the "phosphene" trials and the "no-phosphene" trials ( Fig. 2 A, B) . Both electrodes showed significant differential activity, starting at ϳ300 ms and peaking at ϳ600 ms after the pulse (positive in the case of PO3, in accordance with previous data (Taylor et al., 2010) ; negative in the case of AFz-the existence of such a significant postpulse ERP difference was taken as an indicator of veridical phosphene perception, and used to select subjects for all EEG analyses, as detailed in the Materials and Methods section). Interestingly, in both cases there was a clear oscillation of the differential ERP in the last 400 ms preceding the pulse, with a periodicity of ϳ100 ms. This finding corroborates the results presented in Figure 1 : if perceiving versus not perceiving a phosphene depends on two opposite prestimulus alpha phases, then it makes sense that the direct subtraction of ERPs for these two conditions should oscillate in the alpha range.
Finally, to quantify the relation between prestimulus alpha phase and cortical excitability, we sorted the single trials in 10 phase bins for each electrode of the two regions of interest at the time-frequency point of maximal significance (Fig. 2C,D) , and for each bin we determined the phosphene report probability. More precisely, phosphene probability was computed for each phase bin, then averaged over all electrodes for each region of interest and over all subjects. In both regions, phosphene perception was systematically and significantly modulated by alpha phase (one-way ANOVA, F (9,89) ϭ 2.35, p ϭ 0.021 for the occipital region; F (9,89) ϭ 2.72, p ϭ 0.008 for the frontal region). In fact, between the optimal phase angle and the opposite one, phosphene perception varied by as much as 15% on average.
Discussion
The key finding of this study is that the causal relation between cortical excitation and phosphene perception depends on ϳ10 Hz ongoing EEG phase. Recent studies highlighted the importance of ϳ10 Hz ongoing oscillatory phase in visual perception (Busch et al., 2009; Mathewson et al., 2009; Busch and VanRullen, 2010; Drewes and VanRullen, 2011) . For the first time, we directly establish the chain of causal events linking the phase of the ongoing EEG signal recorded just before the stimulation, the excitability of the sensory cortex at the moment of stimulation, and the conscious perception that ensues. By using direct cortical stimulation rather than external sensory stimuli, we were also able to identify the oscillatory phase values that promote or impede cortical excitability: Figure 2 indicates that cortical activation occurring between the peak (phase ϭ 0) and the next zero-crossing (phase ϭ /2) of the occipital EEG alpha oscillation is most likely to produce a perceptual outcome (these values were derived by observing the waveform in Fig. 2 A, as well as the phase effect at Ϫ77 ms and 10.7 Hz in Fig. 2C -extrapolated to the time of stimulation). Our results suggest that oscillations of ongoing activity reflect cyclic variations of cortical excitability (Bishop, 1933; Lindsley, 1952; Harter, 1967; Buzsáki and Draguhn, 2004; Vanrullen et al., 2005; Fries et al., 2007; Rajkai et al., 2008; Sirota et al., 2008) , supporting the concept of "perceptual moments," i.e., the notion that perception could rapidly oscillate between favorable and less favorable periods (Harter, 1967; Stroud, 1967; Varela et al., 1981; Purves et al., 1996; VanRullen and Koch, 2003; Smith et al., 2006) .
Another critical result is that two distinct areas (one occipital and one frontocentral) displayed a significant relation between EEG phase and phosphene perception. Previous studies had linked ongoing phase recorded within a very similar frontocentral region to the probability of consciously perceiving a brief flash of light (Busch et al., 2009) , and further demonstrated that this phasic influence actually mirrored the periodic fluctuations of attention (Busch and VanRullen, 2010) . In this context, one could speculate that ϳ10 Hz oscillations over occipital cortex cyclically modulate the buildup of a sensory percept, while concurrent oscillations in frontocentral regions, under the control of attention, periodically facilitate the conscious report of this percept. Future work could be directed at understanding the interplay between these two sources of periodic fluctuations in visual perception.
